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INTRODUCTION

Modern biotechnology often requires effective and safe delivery of recombinant
DNA molecules into difterent plant and animal cells in vitro and in vivo. However,
in vivo gene transter requires more sophisticated delivery systems. These include the
adminstration of DNA integrated in viruses or associated with synthetic colloidal
particles, such as liposomes, micelles, emulsion droplets, polymers and combinations
of these delivery svstems.

Catonic lipids and liposomes are especially popular because thev are casy to
prepare in large quantities and can be casily sterilized. They are stable and researchers
in general claim that they are safe and non-immunogenic. Many of the lipids used
arc also biodegradable.

In additdon to transtecuon and expression of genes for basic rescarch and
biotechnology, genes can be used therapeutically in medical treatment of various
discases. The aim of initial medical applications has been to express wild type genes,
in cases where existing genes are mutated or when certain cellular changes are
advantagceous, or to suppress the expression of the unwanted genes. More recently
gene therapy has been used to provide continuous delivery of vectors encoding
recombinant proteins, such as growth factors or cytokines. Among several delivery
vehicles for systemic and localized parenteral or topical administration of nucleic
acids, cationic liposomes, possibly in conjunction with certain (block) co-polymers,
scem to be a promising delivery vehicle. Ultimately, it is hoped, that most of the
development in the field of liposomal drug delivery, such as long circulating and
targeted liposomes, can be applied to DNA-lipid complexes (genosomes). The
former ones can increase the concentation of plasmids in tissues with leaky vasculature,
such as in tumors and sites of infection and inflammations, while the latter one have
a potential to selectively target cells which express appropriate receptors. Besides
DNA plasmids, ribozymes and antisense oligonucleotides can be administered to
sclectively limit gene expression. They can be delivered by using (cationic) liposomes.
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DNA PLASMID DESIGN, TRANSFECTION AND GENE EXPRESSION

Cells store the genetic information necessary to encode proteins in chromosomal
DNA molecules (Watson ¢f al., 1983). Non-coding chromosomal sequences direct
the spadal and temporal cues required to regulate gene expression.
Extrachromosomal DNA, such as plasmids and viruses, can effectively utilize the
host cell genetic machinery o direct the production of large quantities of proteins.
With the advent of recombinant DNA techniques, plasmids encoding virtually any
engineered protein can be introduced and subscquently produce large quantitics
of toreign proteins. Tyvpically, plasmids are between 5 and 20 kb pairs long and are
of circular supercoiled conformation (Kriegler, 1990; Lasic and Templeton, 1996).
[n additon to the coding sequence for the particular protein, DNA plasmid also
possesses the sequences which can enhance this svnthesis in recipient cells or upon
particular stimulus, as described elsewhere in this volume.

Figure 1 describes avpical expression system used in genosome preparations.
The plasmid consists of two major domains. First, a prokarvotic cassctte ensures
propagation in [ coli host cells. This cassette codes for a selection factor such as
Ncomycin or Kanamycin resistance and an origin of replication which functions to
replicate the plasmid in bacterial cultures. And second, a eukaryotic cassette which
dirccts expression of a protem when introduced into mammalian cells by genosomes
completes the plasmid (Krtegler, 1990) . In the most widelv used cukarvotic expression
systems, the coding region of DNAis preceded by promoter and enhancer regions
(and usually an intron) and then translation enhancing regions at the 3" end of the
messenger RNAD A polvadenviation signal at the 37 end of the coding sequence
stabilizes the mRNA and concludes the expression cassette. A selection marker
(such as ncomyein or dihivdrofolate reductase) with its own promoter can be added
to help prolong the longevitv of the construct and its expression levels in mammalian
cells grown inselective media, A cukaryotic origin of replication can be added along
with appropriate factors to promote plasmid stabilitv and retentuon. More sophistucated
constructs can contain sequences to facilitate homologous recombination. Tissue-
specific and inducible promoters may be utilized inorder 1o regulate gene expression
in response to various molecular cues. The whole plasmid must contain an origin
of replication region which directs the replication process in bacteria. Many expression
systems use the CMV-IE promoter. However with more demands being placed on
tissue-specific approaches to gene expression, many genosomes are being created
to direct expression within specific cells (such as Factor VI Greenberg ef al., 1995).

In vitro transfection assavs are typically based on measuring the expression of
reporter genes. Reporters are suitable for both in vitro and in vivo applications. The
cnzymes beta-galactosidase (B-gal), chloramphenicol acetyltransferase (CAT),
luciferase and the green fluorescence protein (GFP) are widely used to quantty
transfection cfficiencies. These proteins are not found in any mammalian svstem.
Mecasurements of cnzvinatic activity using these reporters generally give low
background signal. However, stability of the exogenous proteins in mammalian cells
and during the assay process are of paramount concern for reproducible quantitation.
CAT and B-gal levels can also be quantified by immunoassays, thus providing an
independent means to verify expression levels. Obviously, the expression of the
gene of interest is more mportant than that of a reporter and advances in quantitative
RT-PCR methodologies (reverse transcription polymerase chain reaction) that
accurately measure gene expression levels have reduced the need to use reporters
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Factors VII/VII (Liver specific) Green Fluorescence Protein (GFP-insitu applications)

Figure 1 DNA plasmid construct (for details see text).

(Innis et al, 1990). In vitro and in vivo expression levels usually peak in about 6-24
hours after cationic liposome: DNA delivery to the cells, and then drop rapidly.

Extensive efforts to develop novel lipids and plasmids has resulted in 1000-fold
improved transfection efficiency as compared to early results. Recent reports suggest
that up to 5% of the total cellular protein can be synthesized from the plasmids
giving rise to exogenous CAT protein levels of around 20 pg/million cells (Felgner,
1996). At present, however, obtaining long-term persistent expression remains an
elusive goal for both in vivo and in vitro studies.
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PHASE BEHAVIOR OF DNA

DNA is @ macromolecule which exhibits very interesting colloidal properties. In
aqueous suspension, DNA is a double-helix found mostly in the Watson-Crick B
conformation and possesses a repeat unit of 10 base pairs from two interwound
single strands to form a pitch of 3.4 nm and thickness around 2 nm (Watson and
Crick, 1953). The interior of the helix contains the hydrophobic bases and the
outside of the helix the deoxyribose and phosphate backbone groups. B-form DNA
is well hydrated. DNA fragments of < 1000 bp are lincar while longer molecules form
wormlike semi-rigid random coils (Sinden, 1994). Supercoiled DNA has several
twists which normally underwind the helix (Boles et al,, 1990; Bloomfheld el al.,
1974). While there are no attractive interactions between DNA helices due wo the
negative charges of the phospate backbone (van der Waals attracuve force is
ncegligible), addition of polyvalent cations, external pressure, and higher
concentrations, can concentrate DNA into a variety of completely or partially
ordered phases (Leforester and Livolant, 1994; Podgornik et al., 1996a; Livolant
and Leforestier, 1996). These phases can be crystalline (long range positional order
in the direcion of the long axes of the molecules, long range positional order and
long range bond orientational order in the plane perpendicular to the long axes
of the molecules) hexatic (short range positional order in the direcion of the long
axes of the molecules, short range positional order and long range bond orientational
order in the plane perpendicular 1o the long axes of the molecules), hexagonal
columnar (short range positional order in the direcion of the long axes of the
molccules and long range cristalline order in the plane perpendicular to the long
axes of the molecules) and twisted nematic (or cholesteric) arravs (long range
orientational order perpendicular to the cholesteric axis) (see de Gennes and Prost
(1993) tor details). There is some evidence that at low concentratons DNA can also
make blue phases (Livolant and Letorestier, 1996). In each of these phases the DNA
molccules interact via effective molecular potentials specific for cach phase (Swey,
Parscgian and Podgornik (1997)).

For colloidal suspensions, the mostimportant DNA phase transition is condensation
in which random coils of DNA collapse upon shielding of negative phosphate
charges into a small condensed particle (Bloomfield, 1991, 1996). Tvpically, these
partcles arc of toroidal (60-90 nm sized doughnut with inner diameter of 30-50
nm) or clongated rod-like shape (diameter 50-80 nm, length 300 nm) in which
DNA helices are packed hexagonally. Local DNA concentration can vary, in relation
to the counterion concentration and charge or external pressure, from 30 to
60 mg/ml as does the equilibrium spacing between DNA helices from between
3.3 and 2 nm (Podgornik et al, 1996b). In the condensed phase DNA is cither in
the hexegonal columnar or hexatie liquid cristalline phase.

To induce DNA condensation, multivalent cations (Co®, La*"), polycations
(sp(rrminc“, spcrmidimﬁ“, polylysine!™ ", polyhistidine”" and other
polyamincs), cationic polyelectrolytes (polvethylineimide, polybrene, polylysine or

+

. polyarginine

dendrimers) and cationic lipids, or any combination of these, can be used.

CATIONIC LIPIDS AND THEIR PHASE BEHAVIOR

Diacyl cationic lipids form similar liquid crystalline phases as do other lipids (Luzzati
et al., 1960), with lamellar and inverse hexagonal being the most frequently formed.
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When these stable phases are diluted during agitation they disperse into colloidal
particles which can be very stable. Dispersal of lamellar phase results in the formation
of liposomes (Bangham, 1983; Lasic and Barenholz, 1996). Thesce are microscopical
spherical structures in which a membrane, composed from lipid bilayer, encapsulates
a fraction of solution, in which they are suspended, into their interior. With respect
to geometry of liposomes, one distinguishes between large and small vesicles which
can be uni-, oligo-, or multilamellar (Lasic, 1993). Lipids with several positive
charges tend to form micellar phases in aqueous solutions, while in mixtures with
neutral lipids they can form relatively small liposomes.

With respect to swelling and formation of colloidal lipid particles as well as
liposome preparation, cationic lipids closely resemble anionic ones (Lasic, 1993;
1997). [n aqueous solutions, dricd lipid films exhibit infinite swelling behavior and
such systems can gel at concentrations above 10-20 mM. Addition of neutral lipids
and salt reduces the gel formation. Sonication, extrusion or homogenization of
larger oligolamellar (“hand-shaken™ or “vortexed”) liposomes results in the formation
of small unilamellar vesicles. Downssizing is accompanicd with a dccr(";lse of the
solution viscosity. Cationic liposomes are typically composed from a mixture of
charged and neutral lipid. Diolcoyl phosphatidyl ethanolamine (DOPE) and
cholesterol are the most frequently used neutral lipids. These svstems obey DLVO
(Derjaguin-Lifshitz-Verwey-Overbeek) model of colloidal stability with exception of
smaller liposomes which may be less stable than predicted due to the presence of
hvdrophobic defects at high membrane curvatures (Carmona Ribeiro, 1989). The
shape of small liposomes depends on the lipid component but in many cases
nonspherical liposomes are observed. DODAB, for instance, forms ellipsoidal, lens-
like particles which may coexist with open fragments (if the sizes are reduced below
100 nm). Very small DODAB particles are not spherical. In the DOTAP system,
invaginated liposomes have been observed (Frederik, unpublished, Lasic and
Templeton, 1996). Similar structures were observed in DOTAP/cholesterol systems
prepared by extrusion (Templeton et al., 1997). The shape of mixtures of cationic
lipids with polyvalent polar heads in mixtures with DOPE has not been published
vet. It is possible that these particles form large anisotropic micelles.

At present, the shape of these liposomes is not fully understood. The observed
deviations from sphericity can be due o several factors including partial phase
scgregation, lipid degradation and subsequent phase separation, uneven charge
dissociation, or negative contributions of Gaussian curvature to the bending elasticity
(Lasic, 1993 and 1997).

Heightened interest in developing cationic lipids as vehicles for gene therapy
delivery systems has resulted in the synthesis of hundreds of cationic lipids and some
of them are shown in Figure 2 (Felgner et al. 1994; Lee et al, 1996). Indeed, studies
based on new lipid formulations in liposomes have shown that the use of different
liposomes resulted in large difterences in transfection cfficiencies. However at
present, little is known about structure activity relationships (SAR), physico-chemical
(number of charges and their pK values, critical micelle concentration, miscibility
with other lipids) and biological properties (safety, toxicity, expression capabilities
in cells) of these novel lipids. pK values of cationic lipids which are weak bases can
be determined by potentiometric titration, while lipids which are quaternary
ammonium salts are expected to be fully ionized. The degree od ionization in
colloidal structures, however, remains to be determined because zeta potential and
surface force apparatus measurements do not follow Poisson Boltzmann equation
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Figure 2 Chemical formulae of several cationic lipids: CTAB - cetvl trimethvl ammonium
bromide; DODAB/C - dioctadecvl dimethyl ammonium bromide /chloride; DOTAP —dioleoyl
trimethyl ammonium propane; DODAP - dioleoyldimethyl ammonium propane; DOTMA
~dioleoyl propyl trimethylammonium chloride; DC-Chol - dimethvlaminoethane — carbamoyl
cholesterol; DMRIE - dimyristoyl oxypropyl dimethyl hydroxvethyl ammonium bromide;
DOGS - dioctadecyl amido glycil spermine; DPPES — dipalmitovi phosphatidylethanolamvl
spermine; DMEPC - dimyristovl ethyl phosphatidylcholine; DOSPER - dioleoyl oxy carboxy
spermyl propylamide (four) acetate; diCI18 Sper — distearoyl spermine; SperChol — spermine
cholesterol.



CATIONIC LIPTD-BASED GENE DELIVERY SYSTEMS 109

(Campbell, Lasic, Israclachvili, unpublished). Also, from anionic surfactants it is
known that degree of ionization drops upon miccllizatuon.

INTERACTIONS OF CATIONIC LIPIDS AND DNA

The accurate theoretical description of DNA complexation with cationic lipids,
liposomes or micelles is very difficult. The approach of choice is the Poisson
Boltzmann theory, which is, however, athigh surface charges and low ionic strengths,
very difficult to implement exactly, because of ill defined boundary conditions.
Lincarized Poisson Boltzmann equation, however, can be solved in cylindrical
geometry to describe DNA, in spherical geometry to describe small liposomes and
in planar gecometry for large liposomes, respectively. The interaction is proportional
to the linear charge density of DNA and liposome surface charge. For low ionic
strengths, interactions decays as logarithm of the separation while for higher ionic
strengths interaction fades away exponentally with Debye decay length (Frank-
Kamenetskii, 1989; Lasic, 1997). It is very likely that after relatively long-range
electrostatic attraction brings DNA and liposomes close together, other attractive
interacuons, including van der Waals, ion correlation attraction, and hydrogen
bonding play an important role. These interactions which are also responsible for
the reversible decomplexation of genosomes, i.e. , dissociation of DNA-lipid complex
and DNA decondensation upon cell entry, may reflect different activities of various
lipids (Lasic, 1997; Xu and Szoka, 1996).

These interactions are capable of releasing enough energy to compensate for the
structural changes. DNA can become condensed and liposomes can restructure.
Often, especially in the case of small unilamellar vesicles, liposomes disintegrate and
reassemble into stacks of rather flat bilavers in which an array of parallel DNA
helices are sandwiched between. This lipid restructuring requires energy which is
obtained from attractive interactions: cach charge neutralization brings kT of energy
at Bjerrum length (about 0.7 nm at physiological conditions, kT = thermal energy
of particles/molecules at temperature T, k being Boltzmann constant ) while DNA
and liposome conformational and structural changes require tens to hundreds kT.

STRUCTURE OF THE COMPLEXES

In contrast to the large amount of data on the synthesis, and transfection properties
of many novel lipids, not much data on the structure ot DNA-lipid complexes
(genosomes) exist. Early work established that complexes are heterogeneous with

respect to the size and shape. After early stoichiometric models of complexes of

liposomes and DNA (Felgner and Ringold, 1989), the picture of condensed DNA
cncapsulated into spherical (Behr, 1993) or elongated bilayered particles was shown
(Gherson et al., 1993; Minsky e al., 1996). Subsequent freeze fracture (Sternberg
et al., 1994) and cryoclectron microscopy (Gusstafson et al., 1995) investigations
established that complexes resemble aggregated spherical particles surrounded by
a halo of fibrilar structures, which were shown to be DNA encapsulated in a
bilayered tube (Sternberg et al., 1994; Sternberg, 1996). More detailed analyses show
that in the tube there may be two interwound DNA helices (Sternberg, personal
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communication). Hexagonal arrangement was also proposed (Felgner et al.. 1996).
Studies of other complexes established sandwiched structure, in which DNA s
locallv adsorbed between lipid bilavers and abternate lipid bilavers and two
dimensionally ordered DNA form stacks (Lasic et al, 1996, 1997) . On the edges such
structures are much less ordered due to topological constraints of sclt-closed DNA
plasmic. Between the bilayers, however, the supercoiled coils and knots oft DNA
helices are unwound and untwisted (Lasic ef al., 1996, 1997; Radler of al., 1997).
Similar two dimensional arrangement of DNA helices was also obscerved upon
adsorption on cationic monolayers (Fang and Yie, 1997).

The aggregated structures surrounded by a halo of fibers and clusters of spherical
particies, as observed in DC-Chol systems (Sternberg ef al, 1994 Gustalson el al.,
1995 are mostly random, amorphous ageregates. On the other hand, m some
svstems, such as DODAB Chol or DOTNA:DOPE (Lasie of al., 1997 Racdler et al.,
1997) aggregates are characterized by a short range lamellar order. The mechanism
for complexation reactions giving rise to amorphous, disordered complexes, and
others o ocallyv well orderved complexes is stll not known and has not been
svstematically studied. Obviously stronger electrostatic attraction (at low salt and at
pH < pK-3) and higher concentrations ol reactants favor short range order as doces
rapid mixing which assures more uniform bulk concentraton of the charges. The
genosome structure is simply a consequence of attracnve van der Waals, attractive
and repulsive electrostane forces and vepulsive steric and undulation interactions
coupledwith local concentration of reactants. An addinonal factor which determines
then morphologyis the energy needed o vestracture lipid bilavers and energy
assoctated with conformational changes of DNA (Lasic, 1997) We must also keep
i mind that the ordered genosome structure is a consequence of the DNAsttfness.
Forimstance replacing DNA with polvglutamic acid gives rise to amorphous complexes
and precpitates (Podgornik and Lasic, unpublished).

The above analvsis implies that genosome structure 15 mostly a consequence of
thermodinamic and kinetie factors. Thermodinamic factors are concentration ot
reactants, elecirolvies, and free energy changes assoctated with conformanonal and
structural changes. The kinetic componentis apparent from the reaction dependence
on the rate and sequence of mixing as well as the instability of the complexes,
Therctore genosomes, such as liposomes, are Kinetic traps rather than
thermodsnamicallv stable structures (Lasic, 1997). Their morphological changesin
tme simph reflect the fact that the systemis reducing the free energy by sliding
m lower cnergy minima in the local environment. Such structural changes occur
on a molcecular and colloidal level. The former accounts for hiposome and bilaver
restructuraton and DNA conformatonal changes (tvpically time scale from a fraction
of a sccond to minutes) and the latter iclude mosdy aggregation of particles
followed by locculation and phase separation (precipitation) in longer e scales.

When small. homogencous and well dispersed particles are formed. however,
they can be rather stable due to astrong clectrostatic repulsion inlow tonic strength
medias Inaddition to ubiquitous van der Waals and ion-correlation forces, possible
attractive interactions can be electrostatic attraction of unevenly charged colloidal
partcles and bridging interactions of non-condensed DNA fibers. Indeed, it is well
known that complexes containing particles with attached fibrillar DNA strands
precipitate very quickly.

[t was shown that the dense, intercalated lamellar genosomes are extremely stable
(no change i size distribution for months) and mav represent a thermodynamically
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stable phase (within a particle) as will be discussed below. Namely, both reactants,
DNA as well as lipids can form thermodynamically stable lyotropic liquid crystatline
phascs and it is therefore not unexpected that their product retains some of the
long range symmetry of the constituents.

Condensed phases of (cationic) lipid bilavers and DNA are distinguished by two
different svmmetry as well as dimension classes. Lipid mesophases with smectic
(lamellar) symmeuy are characterized by one dimensional quasicrystatline order in
the direction perpendicular to the bilaver surfaces and a two dimensional liguid
order within the smectic layers (deGennes and Prost, 1993). Lipid ordering tendencies
arc not compatible with the ordering tendencies of condensed DNA that preferrs
local hexagonal svinimetry. The result of these opposing ordering tendencies is the
lowering of the effective dimensionaline ol the condensed DNA phase. Instead of
remaining in atwo dimensional locally hexagonally packed hexatic phase (Podgornik
et al. 1996) DNA becomes mtercalated between smectic planes of lipid bilavers. thus
trning from a three dimensional line hexate into something that shows roughly
a two dimensional smectic svinmetry, i.e., the intercalated DNAs are packed i
domains where thev remain essentally: parallel. A two  dimensional smectic as
opposcd to a three dimensional smectic, like in the case of lipid bilavers, would show
aonce dimensional quasicrvstalline order perpendicular to the long axes of the DNA
molecules. This Hine of thought is reasonablv well born out by experiments, where
the intercalated DNA contributes an additonal peak to the scatterig function of
the DNA — lipid ageregates (Lasic o al. . 1997 Racdler o al., 1997).

This ctfective lowering of dimensionality of the condensed DNA phase by the
strong smectic order of the lipid arrav can be understood by energy arguments.
Lipids that are oppositely charged from DNAL e carrving positive charges. the
svimmetry consideration for the combined ordering of DNAas well as cationic hipids
arc connected to cnergyarguments. Intercalation of DNA I this perspective serves
two basic purposes. First, as already alluded oo DNA remains inan ovdered phase
(however, with a lower effective dimensionaliny) just as before the complexation.
Also its large negative charge can effectively neatralize the repulsive forces hetween
positively charged lipid bilavers in the smectic array and-thus stabilize the complex,

Furthermore, the widih of the DNA diffracton peak in the complex as well as
the conformational snapshots provided by strong adsorption of DNA to mica-
immobilized cationic lipid bilavers (Fang and Yie, 1997) suggest that DNA intercakated
bewween lipid bilavers undergoces pronounced clastic shape fluctuations. The balance
of forces tor the DNAis thus a bitmore complicated. Elastic fluctuations of the DNA
molecules within the intercalation planes contribute an additional repulsive force
(of the same general fluctuation tvpe as observed in the bulk DNA cholesteric
phase) between them, trving to push them apart. This tendency to lower the density
of intercalated DNA is however offset by the large electrostatic attraction between
uncompensated charges on the lipid bilavers. Tt is unclear at this point whether
Helfrich-like interactions between fluctuating lipid bilavers (Israclachvili, 1991)
would contribute anvthing o the overall energy balance. It is more probable that
lipid bilavers with intercalated oppositely charged DNA fluctuate only through
collective undulations preserving the separation between the bilayers, set etfectively
by the diameter of the DNAL

Most of the experimental work has been done with cationic complexes. Anionic
complexes (negative charge from DNA exceceds positive charge from lipids), which
arce sometimes used for intramuscular, subcutancous, intratracheal, pulmonary or
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Figure 3 Negative stain clectron microscopy of DOTMA DOPE-DNA genosomes (negative,
positive ratio = 1,/2). Bar indicates 100 nm. Courtesy of Drs. Ron Cohn and John Caulfield
from Roche BiroSciences, Palo Alto, CAL

mtratumoral DNA delivery, are much less characterized. Crvoelectron microscopy
stuclies of these complexes cither vielded a fraction of lamellar suructures or snake-
like particles. Zeta potentials vary trom expected values (around =20 to =40 mV)
to values identical to free DNA (=60 mV) in other cases.

The simple observation, that multilamellar vesicles disintegrate upon addition of
excess DNA (turbid solution turns clear), however, mav offer some clues. Most likely
itindicates, that at higher values of p (negative/positive charge ratio) the structure
must contain polymers coated by lipids. In turbid solutions at higher values ot <rho>
qualitative relations between size and turbidity are not obeved, possibly indicating
nonspherical structures. Even transparent solutions when sized by quasielastic ligth
scattering give rise to diameters around 200-300 nm, indicating an artifact of the
methodology. This phenomenon was also observed with long, Hlexible rodlike micelles.

Recent work has established that many different univalent cationic lipids can give
rise to the intercalated lamellar phase and that thermodynamic factors (low ionic
strength, concentration range 10—2 mM cationic lipid, negative/positive charge
ratio < 1) and kinetics of mixing are more important than the nature of cationic
and neutral lipid, if pK of the lipid is 2 units above the pH of the sample (Podgornik,
Strey, Lasic, unpublished). Figure 3 shows a ncgative stain micrograph of
DOTMA:DOPE — DNA cationic complex and the presence of a lamellar phase can
be clearly observed.
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GENOSOME TURBIDITY IN LIPID-DNA PHASE SPACE
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Figure 4 An approximate phase diagram of phase behavior of cationic lipid (equimolar
DOTMA/DOPE) and DNA mixtures. Turbidity values are approximate and relative because
at values above 0.35-0.4 mixtures (20 fold diluted with distilled water) partially flocculate
and turbidity measurements are inaccurate. One can define 3 regions in htis phase diagram:
stable colloidal suspension (relative turbidity, RT, < 0. 25), metastable region (0.3 < RT <
0.6) and phase separation (solubility gap, RT > 0.8). Around electrical neutrality immediate
precipitation occurs which is indicated by the relative turbidity of 1. On the left of this

diagonal anionic complexes are stable and on the right the cationic ones (in time scale of

hours to days, depending on the proximity of the solubility gap (relative turbidity > 0.8).
At higher lipid and DNA concentrations precipitation and phase separation are still more
intense because either system is approching denser phases. If genosome size (as measured
by dynamic light scattering in uni-modal distribution) is plotted, similarly shaped surface
would be obtained. Complex size ranges from 80-120 nm in the soluble range (relative
turbidity 0.1-0.2) to 150-300 nm in the regions close to the phase separation range (relative
turbidity 0.2-0.4) and from 500 nm to > pm (measurement above pm are rather inaccurate
by dynamic light scatttering. Such samples often also contain large flocculae which start to
precipitate) for the relative turbidity in 0. 5 to 1 range.

GENOSOME PREPARATION

Early reports emphasized the importance of genosome preparation. Stability,
reproducibility and activity of complexes was stated to depend on the exact nature
of mixing of DNA and liposomes. Often transfection activity critically depends on
the preparation protocol. Recent work has shown, however, that genosome formation
is both, a thermodynamic and kinetic phenomenon and by controlling the two,
stable and reproducible genosomes can be produced. These genosomes enable
reproducible experiments to be achieved in vitro and in vivo.

[
e
Liny
i,
[AYEY

(1A%}

LEAREY
HARA T
ot
e

Wi

UTIIR
!

u]u!
il

wil



BRI DD LASIC ot al.

Figure 4 shows a schematic phase diagram of DNA and cationic liposomes. In a
phase space of DNA and cationic lipid concentrations one can define stable colloidal
suspension (relative turbidity, RT < 0.25), metastable region (0.3 < RT < 0.6) and
two phase system (precipitation, RIN > 0.8). Manv univalent and polyvalentliposomes
or intact lipid particles give rise to similar phase behavior which tends o be
independent of the DNA length in the range from few 1o 2010 kb pairs. In the
casce of identical preparation procedure (see kinetic ctfects below), the complexsize
distribution, extent of DNA and lipid association and the resulting stability are
influcnced by thermodynamic parameters, such as concentrations of the reactants
and solution ionic strength. Temperature does not appear to have a significant
cttect on the colloidal propertics of genosomes formed. While one can find some
quantitative relations between genosome characteristics and thermodynamic
parameters, the explanation of the kincte eftects is qualitative at best.

Mixing rate of DNA — cationic lipid reaction and sequence of mixing (DNA into
liposomes or vice versa) are the most l'l‘c(lucnlll\' manipulated variables used o
control kinetics of genosome formation and to minimize precipitation, i.c., suspend
DNA at maximal concentration. The influence of sequence of mixing on the
properties of genosomes formed (precipitation, stability and size distribution) can
he casily explained by phase diagram which indicates that complexes should be
prepared in such @ way that the solubility gap should never be broached. The
importance of quick mixing has been attributed to the fact that quick dispersal of
reactants is essential (o give rise o small and uniform complexes (Lasic et al., 1997).
In the case ol slow mixing, large local spots exist where local concentration markedly
deviates from the bulk and locally large volumes with clectrical newtrality are
created. These give rise o very large flocculac it not dispersed by rapid mixing or
vortexing (Lasic, 1997).

The kinetic origin of complex formation can also explain thenstabilite. Genosomes
are, similarly o liposomes, in general thermodynamically unstable states. These
states are often referred to as kinetic traps and such svstems are inherently unstable
bhecause the free energy is constanth decreasing because the svstem can be
continuously changing and drifting into local free energy minima. When complexes
ave prepared by aslow mixing - incubation process, possibly from large, heterogencous
(vortexed and not sized down) liposomes, a very heterogencous sample results
which can, during time, change its morphology. Tvpicallv they grow and precipitate.
On the contrary, when genosomes are prepared in a well conwrolled process (from
homogencous vesicles ina quick mixing process), suructures closer to thermodynamic
cquilibrium are formed. Typically such structures are characterized by intercalated
lamellar short range svmmeny and can be stable in ligquid or freeze dried form for
months. Along these lines, many studies published on the structure of genosomes
are artefacts of measuring random, irreproducible and transient states of metastable
systems which are constantly changing. Obviously, experimental observation itself,
such as sample dilution/concentration, heating/cooling, centrifugation and similar
mav also cause structural and colloidal changes.

TRANSFECTION AND GENE EXPRESSION [N VITRO AND IN VIVO

Gene delivery in vitro can rely on more than a dozen commercially available liposome
kits for transfection (Lasic, 1997). These kits are typically suspensions of small



CATIONIC LIPID-BASED GENE DELIVERY SYSTEMS (R

unilamellar liposomes containing DOPE at various fractions and cationic lipids vary
from univalent DOTMA or DODAB to DOSPA which has 5 positive charges. Some
cationic lipids, such as DOTAP and DOGS are formulated without neutral lipid.
Using such liposome kits, many different cell types have been successfully transfected.

Systematic approaches to genosome delivery in vitro started in 1987 (Felgner
el al.) when it was shown that a hundred-fold improvement in the tansfection of
J7-1 cell line (tenfold in COS-7 cells) was achicved when DNA was complexed 1o
DOTMA:DOPE liposomes (as compared to the use of standard polyclectrolvte -
DEAE). Practically all cell cultures have been successfully ransfected. According to
numerous reports, however, there is no genceral recipe for successful and lasting
gene expression. Normally, different liposome kits give rise to different transfection
activities in different cell lines and transtection of cach cell line must be optimized
with respect to the liposome formulation as well as DNA to lipid ratio. No
comprchensive review on the wranstection of different cell Tines with different
liposomes exist but an interested reader may gather a lot of information in various
data bases. In other experiments, plant cells were also vanstected (Ballas e al.,
1988). Because cytotoxicity was observed, an effort was inttated 1o svnthesize less
toxic and more efficient lipids. Towards these goals, structure-activity studies were
used to design novel cationic lipids, as will be described below.

Transfection i viwo is much more ditficult to achieve. Low levels of expression
were observed in the lung alter intravenous injection and intratracheal istitlation
ol DOTMA:DOPE complexed to DNA plasmids containing a marker gene in mice
(Brigham et al., 1989) and rats (Hazinski et al, 1991). Since then several groups
reported measurable expression in animals. Upon intravenous administration the
largest gene expression was observed in lungs (Zhu et al. 1993 Mahato et al., 1997)
and some expression was found in the spleen, liver and heart. Typically Tevels up
to around 0.1-0.2 ng of CAT protein per mg of lung protein were reported while
luciferase typically gives rise to larger numbers.

Adecade of rescarch on novel plasmids, novel lipids or structurally novel genosonies
has resulted in much higher levels of the synthesized protein (Felgner, 1996). CAT
levels in the lung of up to approximately 40 ng/mg ol protein were observed upon
mtratracheal administration of CAT plasmids complexed with @ series of novel
cationic lipids (Lee e al., 1996). These lipids increased tansfection etticiencey up
to 1000-fold over some other lipids. Expression of up to 200 ng/mg of protein in
the lung were found upon changing colloidal properues of the complexes tollowing
intravenous administration by using DOTAP, a simple cationic lipid which has not
been associated with enhanced expression levels before, in combination with
cholesterol as a neutral lipid (Templeton et al, 1997). In addivon to highest
cxpression and the broadest biodistribution of gene expression, targeting of these
complexes to the liver by surface attached ligands has been demonstrated.

Parallel cryo-electron microscopy and small angle x-rav scattering studies have
revealed unique structure of these complexes — two dimensional condensed DNA
is encapsulated in the middle of spherical liposomes. [t is hvpothesized that this
particular structure protects DNA and allows better biodistribution than other
complexes which are characterized by either stacks of lamellac with adsorbed DNA
plasmid or lipid aggregates surrounded by a halo of fibrilar DNA coated by lipid
tubules. Indeed, complexes were found to be stable in 50-100% plasma for at least
one day. The unusual “self-ecncapsulation” of DNA was attributed to the use of
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specially prepared, invaginated liposomes which resemble spherical vase-like structures
and have a large excess of free surface arca. Upon DNA adsorption, such liposome
can undergo inversion, resulting in complete DNA encapsulation. Recent theoretical
analysis of strongly adsorbed polymer on an clastic membrane surtace has also
showed that orientational ordering of the polymers promotes curving of the
supporting lipid bilayer leading eventually to a complete encapsulation of the
adsorbed polymers (Podgornik, 1997). Because such an interaction ncutralizes
charges only on one side of DNA, often a second liposome adsorbs on the adsorbed
DNA. It scems that, the liposomes composed from mechanically very strong and
cohesive (cholesterol, as opposed to DOPE, improves mechanical stability of the
membrance), but fluid, lipid bilayer with a large excess of free surface arca allow
much better DNA organization and better condensation than regular liposomes.
Condensation, packing and lipid restructuring processes have more degrees of
freedom and tme o self-assemble and self-organize than in the case of small
unilamellar liposomes which can only break, or large multi/oligo lamellar vesicles
which inevitably give rise to large complexes. As a consequence of effective DNA
condensation, these liposomes can also colloidally suspend higher DNA
concentrations than other systems. This is very important, because gene expression
is dose-dependent. An important observation was also that optimal size distribution
of the complexes was between 200 and 450 nim.

The duration of expression was longer than in similar experiments reported in
the literature. For instance, gene expression dropped twofold in a week and H-fold
after three weeks. In addition, safety of these formulations, which typically contain
several-fold less cationic lipid per amount of DNA, was carefully studied. Detailed
pathologics of all the ussues showed no tissue damage at plasmid concentrations
up to 0. 75 mg DNA mland DOTAP concentration of 5 mM. Toxicity was observed
only at very high hpid (and DNA) doses and was expression plasmid dependent,
possibly indicating the toxicity of synthesized reporter proteins (Templeton et al.,
in preparation).

Following cxhaustive cfforts in chemical svnthesis which resulted in several
optimal lipids for transfection and showed that different lipids have ditterent
transfection potenual, at present, we still do not know what optimization is required
with respect to the colloidal properties of these lipids complexed to DNAL Tt is
possible that difterent lipid chemical structures, having different gecometrics, valuces
of pK and critical micelle concentration, and tendency to form hydrogen bonds,
may simply form complexes with ditferent structures and different stabilities.
Unfortunately, the differences in structure, DNA compaction, size and stability (in
the presence of clectrolvtes, plasma, ete) of complexes made from different lipids
have not been compared in parallel to their uanstection activity. For intravenous
administration preliminary data have shown that small (150-300 nm) and dense
complexes yiclded much higher gene expression as opposed to large complexes
consisting of aggregated liposomes with surface and interstitially adsorbed DNA
(Lasic, 1997). Former complexes offer better protection to DNA and can achieve

larger biodistribution and likely can be internalized more casily (Lasic, 1997). On
the other hand, we stll do not know what is the optimal size, neutral lipid and
charge ratio for genosomes which are administered topically (intratracheally, as an
acrosol, percutancously) or locally (intraperitoneally, subcutaneously, intratumorally).
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This is paralleled by the poor knowledge of the mechanisms involved in transfection
and gene expression.

STRUCTURE ACTIVITY RELATIONSHIPS

In cell culture transfection studies only minute amounts of DNA are needed and
also precipitated complexes can be used. Therefore the problem of sample
precipitation does not abolish transfection. Often, commercially available liposomes
are mixed with DNA in electrolyte solutions, resulting in large aggregated complexes.
While these systems work satisfactorily in vitro, such genosomes vield very low level
of transfection in vivo. One reason is the size and morphology of such complexes
and the other is the low dose of applied DNA because transfection, if experiment
is performed properly, is dose dependent. Concentrations of liposomes in
commercially available transtection kits are simply too low to colloidally suspend
DNA at sufficient concentrations. Also, many studies have shown that cholesterol
can be a more active neutral lipid than DOPE for systemic transfection in vivo.

With respect to some published results and many data presented at conferences
we must also warn that many artefactual results have been presented. Sometimes,
high expression levels reported may be due to non-lethal and reversible physical
damage to cellular structures and processes which can enhance transfection.

Structure activity studies have been performed mostly in vitro (Leventis and
Silvius, 1990; Felgner et al, 1994; Farhood and Huang, 1996). When studying
cationic cholesterol derivatives it was noted that tertiary amine gave the best
transfection at lowest toxicity (Farhood et al, 1992). For multivalent cholesterol
derivatives it was shown that the site and the angle of the attachment of the
polyamine was important. Molecules having perpendicular arrangement between
long axis of sterol and direction of polyamine were found to be more active than
the parallel ones (Lee et al., 1996). Sterol hydrophobic anchor was found to be more
effective for in vivo gene delivery while for in vitro systems diacyl chains were found
to give rise to higher gene expression. In the case of diacyl lipids it was discovered
that dioleoyl and dimyristoyl chains give rise to the highest expression (Felgner
el al., 1994; Lee el al., 1996). This is hardly surprising, because for both interaction
of DNA with liposome as well as of genosomes with cells, fluid membranes are
necessary. With respect to polar heads and number of charges no clear conclusions
have been reported. Studies of DOTMA like molecules have shown that decorating
polar head with hydroxyethyl group and with beta amines increased transfection
efficiencies in vitro (Felgner et al., 1994; Wheeler et al., 1996).

The importance of neutral lipid was also carefully studied. While for in vitro
transfection DOPE seems to be a superior choice (Farhood and Huang, 1992 and
1996; Felgner et al., 1994), many recent experiments show that for systemic delivery
the use of cholesterol can result in much higher transfection (Zhu et al., 1993;
Templeton et al., 1997).

Most of the in vitro cxperiments are also performed in the absence of serum, the
presence of which typically reduces or eliminates gene expression. Several studies
have shown, however, that neutralizing effects of plasma can be overcome by higher
overall positive charges. Excess of cationic charge in the formulation typically results
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in unreacted liposomes, i.c., liposomes which did not change topologically upon
DNA introduction in the svstem. The excess of lipid and/or liposomes may have
an ctfect in permeabilizing cells in culture and/or inactivating plasma components
which neutralize genosomes in vitro and in vivo.

A conclusive observation of these in vitro transtection studies is that increased
amount of cationic lipids increases transfection as well as eviotoxicity. The balance
between activity and toxicity therefore determines transfection efficiency.
Unfortunately, not much is known with respect to colloidal structure — transfection
activity relationships. For instance, important information needs to be gained about
activity as a function of genosome size at specified charge ratios.

Such simple mechanism, however, cannot be applicable for i vivo cases, where
numerous other interactions take place, especially alter swstemice delivery.

At present, itis sull often stated that in general there is no, or litde, correlation
between activity in vitro and e vivo. Activity in vivo obvioushv depends on the route
of administration. For instance, intravenous administration presents very different
conditions and gene expression depends on pharmacokinetics, biodistribution and
stability of genosomes in biological environment to a much greater extent than in
other administration routes. Intramuscular and subcutancous injection may lav in
between with respect to biological stress of the environment on the DNA-lipid
complex. Therefore one has to determine these correlations in order to improve
cthiciency of gene expression. [tis likely that cach administraton route has different
opumization characteristics. For mstance, for pulmonary delivery it is not known
whether smaller or Lkuger genosomes are preferred. Onlv recently scientists at
Genzvme and GeneMedicine have shown that Targer complexes Tead to higher
expression levels (Rolland, personal communication). Because lung instillation mav
be similar to in vitro tests, DOPE mav be a superior neutral Lipid over cholesterol.
The situation was partally explained for intravenous administration where it was
shown that complexes have o be smaller than 500-1000 nm and preferably tghtly
packed in order o express and produce optimal gene expression. This ensures
protection of DNA in the bloodstream and allows an mcreased volume of
biodistribution. In contrast, large, noncompact genosomes are verv likely broken in
blood in milliscconds and the exposed DNAis degraded in seconds (Lasic, 1997).
For systemic administration cholesterol was shown to be in many cases much more
ctiective neutral lipid than DOPE. Because physico-chemical characteristics of
genosomes containing either neutral lipid are rather similar, this may imply that it
1s the stability of the structures in plasma which causes the difference and also
climinates the carly endosomal release induced by DOPE as the main mechanism
of transfection. Cholesterol is known as a membrane stabilizer while DOPE, on ther
other side, destabilizes lipid bilayers (Lasic, 1993). This also may indicate that the
major cell entry mechanism is independent of endocviotic processes but might be
simply a cationic lipid induced transient cell membrane permeation/poration.

This analysis implies that the correlation between in vitvo and in vivo experiments
accounts for genosome stability in plasma or biological environment,
pharmacokinetics and biodistribution. Cells in culture are also known to exhibit
rather large differences in phagocytic activity upon subtle changes in the environment
which further complicates comparisons (Lasic, 1997).
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CONCILUSION

Using cationic lipids, polvmers or their combination a number of difterent cell
cultures can be transfected. Gene expression was also observed upon systemic and
topical DNA delivery of genosomes. With improvements in plasmid and lipid design,
transfection cfficiencies have increased over thousand fold from early experiments.
Howcever, the duration of protein synthesis is still rather short and selectivity of
transfection is poor. Further improvements may include preparation of colloidally
optimal particles from the most potent cationic and ncutral lipids, possibly in
mixtures with polymers (Kabanov and Kabanov, 1995) and in the novel design of
the plasmids, especially in their targeting of the nucleus and persistance therein.
Additionally, we mav speculate that by co-delivering DNA binding proteins possessing
nuclear localization sequences, nuclear transport of plasmids would be facilitated.
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